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We explore an emerging device concept based on exchange bias used in conjunction
with an antidot geometry to fine tune ferromagnetic resonances. Planar cavity ferro-
magnetic resonance is used to study the microwave response of NiO/NiFe bilayers
with antidot structuring. A large frequency asymmetry with respect to an applied
magnetic field is found across a broad field range whose underlying cause is linked
to the distribution of magnetic poles at the antidot surfaces. This distribution is found
to be particularly sensitive to the effects of exchange bias, and robust in regards to
the quality of the antidot geometry. The template based antidot geometry we study
offers advantages for practical device construction, and we show that it is suitable
for broadband absorption and filtering applications, allowing tunable anisotropies via
interface engineering. C 2015 Author(s). All article content, except where otherwise
noted, is licensed under a Creative Commons Attribution 3.0 Unported License.
[http://dx.doi.org/10.1063/1.4922055]
Periodic arrangements of non-magnetic holes (antidots) embedded in a continuous film are of
great interest for high frequency applications due to the versatility with which microwave properties
can be tailored. One can, for example, confine and direct the propagation of spin waves1–4 for appli-
cations such as spin wave logic and interferometry.5,6 Antidots have proven to be extremely effective
in terms of modulating local effective anisotropies and coercivities by altering hole diameter and
periodicity.7–13 We show here that anisotropies in template based antidots can be modified to allow
an asymmetric broadband absorption, whose frequency range is dependent on the direction of an
applied field.
Unidirectional anisotropy can be introduced into a ferromagnet through exchange coupling
with an antiferromagnet. This effect, called exchange bias, is often described by an effective field
which causes a shift in the hysteresis loop of the ferromagnetic film, as well an increase in the
coercivity.14,15 The induced anisotropy in exchange biased antidots has been studied as a function
of lattice geometry16–20 and the interplay between internal fields.21–23 Patterning allows tailoring of
the magnitude and direction of the bias field.24,25 Some interesting applications are within reach,
by making use of multi-state remanent processes occuring in structures with combined positive and
negative bias fields.26
Most important for the present work, the effective bias field can modify ferromagnetic reso-
nance response.27 Ferromagnetic resonance frequencies can be shifted upwards or downwards,
depending on the strength and polarity of the bias field. In this paper, we demonstrate the existence
of a unidirectional bias induced asymmetric microwave response, which we link to an unbalanced
distribution of the demagnetising fields around the holes of the antidot structure.
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FIG. 1. a) Scanning electron microscopy image of the NiO/NiFe under investigation: NiO(36nm)/NiFe(12nm) pitch:
∼100 nm, holes: 45/50 nm b) Bright field transmission electron microscopy image of the x-section and c) Schematic of
the NiO/NiFe geometry and respective angle nomenclature: θ corresponds to the angle between Happ and lattice edges;
direction [10] collinear with θ = 0o and direction [01] collinear with θ = 90o.
In figure 1(a) we show a scanning electron microscopy(SEM) image of an antidot lattice
comprising a bilayer of NiO and NiFe deposited on a template. The existing holes create a
non-uniform distribution of demagnetising fields arising from local deformations in the spin config-
urations, as illustrated in the inset of figure 1(a).
The NiO/NiFe bilayer exhibits a room temperature exchange bias field of -1.5 mT, as shown by
the lateral field displacement of the hysteresis loop in figure 2(a). What is particularly interesting
is that the ferromagnetic resonance profile is highly asymmetric around zero applied field. Even for
FIG. 2. The hysteresis loops in a) correspond to the NiO(36nm)/NiFe(12nm) antidot sample at the temperatures 300 K and
10 K (inset). b) The spectra corresponds to the ferromagnetic resonance spectra of NiFe(18nm) antidots taken with µ0H
(HAPP) applied along θ = 0o(top) and 90o(bottom). In this sample we do not observe asymmetric response as the system
is not exchange biased. Ferromagnetic resonance spectra of the NiO/NiFe antidots taken with the applied field at: c) θ =±2
degrees off the lattice direction [10] and d) θ = 90 degrees, collinear with the direction [01].
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the small exchange bias observed here, the resonance frequency is different for a positive field, +H0
(18 mT), and a negative field, −H0. This is seen in figure 2(c), for a ferromagnetic resonance spectra
acquired with the applied field along a direction parallel to the lattice edge. We will show that the
asymmetry in the dynamics spectra provides a quantitative measure of the extent to which the pole
distribution at the holes is pinned by the exchange bias.
The NiO/NiFe bilayer was deposited at room temperature and zero field using a dual ion-beam
deposition system.28 In this setup, a Kaufman ion source was used to focus an argon ion beam
onto a Ni80Fe20 (at.%) and Ni targets, while an End-Hall ion source was used to bombard the
substrate during the deposition of the bottom NiO layer. A fixed voltage of 140 V, at the End-Hall
ion source, ensured a constant ion-beam bombardment energy. During deposition, the Ar/O2 ratio
in the End-Hall source was kept at 16% to ensure the formation of NiO. The substrate consisted of
a silicon template in which the holes, with elliptical shape(45/50 nm), are periodically spaced by
100 nm.
The figure 1(b) shows a bright field transmission electron microscopy image of the antidot
cross-section, cut by focused ion beam. We note that some material was sputtered onto the walls
and to the bottom of the holes of the template. The thickness of the NiFe film in the bottom of
the holes is negligible, but one must account for the material deposited on the curved edges of the
side walls as this will add roughness to the edges of the antidots. Nevertheless this sample is, to
a good approximation, an antidot array from which one should expect a ferromagnetic resonance
broadened by edge roughness. Also, as illustrated in figure 1(c), the sample consists of 600 µm
large arrays of holes spaced by 100 µm wide regions of continuous film. These antidot arrays and
the continuous film regions are labelled as A and B, respectively. The magnetometry data shown
in figure 2(a) were obtained with a Quantum Design SQUID MPMS XL-5 from 5 K to 350 K
within a field range of ±2 T after initially field cooling the sample in a 2 T field from 400 K. The
hysteresis loop acquired at 300 K exhibits a small exchange bias field and a rather uniform reversal
process. The inset loop, acquired at 10 K, shows a stepped magnetisation curve which we attribute
to reversals of the antidot region and continuous film region at different applied fields. As expected,
in the low temperature regime, both coercivity and exchange bias field are enhanced.
Broadband ferromagnetic resonance spectroscopy was performed using a vector network anal-
yser (VNA). We obtained good sensitivity by using a loop shaped micro-cavity operated in a
single-port configuration. The microwave field, hRF, is orthogonal to the direction of the static
field, HAPP, applied in the plane of the sample. Each measurement begins well above the saturation
field, at HREF = 150 mT, where a reference spectra is acquired for background correction purposes.
Then, starting at a maximum applied field HAPP = 60 mT, the VNA signal is swept five times and
averaged; the static field is linearly reduced once the frequency sweep is completed. This procedure
is repeated over the range HAPP = ±60 mT. Example results are shown in figures 2(b) (±80 mT),
2(c) and 2(d).
The ferromagnetic resonance data shown in figure 2(b) corresponds to a single layer of NiFe
antidots, which shows no asymmetric behaviour as the exchange bias field is zero. One should note
the difference in effective anisotropy, He f fK , by comparing frequencies at θ = 0
o (top) to those at θ
= 90o (bottom), as the resonance frequency fR(θ = 0o) = 2.3 GHz is lower than fR(θ = 90o)
= 3.1 GHz for µ0H ∼ 40 mT. We attribute this change in effective anisotropy to a 5% deviation
from square of the antidot lattice, observed in the figure 1(a).
Figures 2(c) and 2(d) correspond to frequency versus µ0H traces of the NiO/NiFe sample
measured relative to the main axes of the antidot lattice, with θ = ±2o and θ = 90o. In figure 2(c),
a clear asymmetry is visible, with a frequency difference of approximately 0.5 GHz between
fR(µ0H = 18 mT) and fR(µ0H = -18 mT).
The antidot lattice and the frame generate distinct ferromagnetic resonance spectra, denoted as
resonance mode I and mode II in figure 2(c), thereby providing a useful comparison. We show later
how these can be associated with the regions A and B, respectively, in figure 1(b). Both resonance
modes I and II are centered at µ0H=-1.5 mT, which we attribute to the exchange bias field. Given
the distribution of the internal fields within the antidots, the resulting magnetic properties are pri-
marily seen as an effective fourfold anisotropy in which the hard axes are along the edges [10] and
[01], and the easy axes along the diagonal [11], of the unit cell. This is consistent with results of
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Adeyeye et al.16 and Wang et al.17 In ferromagnetic resonance, the magnetic hard axis is obtained
for a direction along which the resonance frequency reaches a local minimum of f minR = 2.5 GHz
(softening) when the applied field µ0H = ± 18 mT ∼ He f fK . Mode II results from the continuous
film (B) region which surrounds the antidot arrays and shows no angular dependence. By comparing
the spectra of figures 2(c) and 2(d) we note a marked decrease in the frequency asymmetry from
θ = ±2o to θ = 90o. From observing the angular variation of the ferromagnetic resonance as a
function of applied field angle, we see that the amplitude of the asymmetry drops to zero when
θ = 0o and θ = 90o. This behaviour results from competition between the fourfold anisotropy and
the bias field. At θ = 00 and 90o, the fourfold anisotropy field is much larger than the bias field and
therefore the asymmetry is less pronounced. A large asymmetry is obtained only when the applied
field is off the high symmetry directions by a few degrees, with respect to the antidot lattice. The
angular variation of the antidot modes in general is discussed elsewhere29 for a different system.
In order to understand the dipolar effects on the ferromagnetic resonance, we performed finite
difference micromagnetic simulations using Mumax30 for: a 9x9 array of 35 nm circular holes
spaced by 65 nm, and a continuous film region, both with identical parameters (mesh = 3.125 nm,
MS = 820 × 103 A/m, AEX = 13 × 10−12J/m, γ = 0.02). The resulting spectra are shown in figure 3,
where we overlay the simulation results and experimental data. In the simulations, the applied
field and the initial magnetic state are at an angle of 2o from the lattice direction [10] in order to
avoid artifacts at high symmetry directions.2 The dynamics spectra were obtained by performing
a Fourier transform of the time (t) dependent magnetisation, after applying a pulse in the form of
A0sin(t − t0)/(2πt), where A0 = 1 mT and t0 = 3 ns, in the out-of plane direction. To simulate the
bias field we defined a pinning field of -3 mT along the direction [11] of the antidot lattice. In
the simulations, the resonance modes I and II were acquired from the magnetisation dynamics of
the antidots, labelled as region A, and the continuous film, labelled as region B.
The spectra from region A resembles the asymmetric mode labelled as mode I in the experi-
ments. At positive µ0H the resonance frequency, f minR , at around the H
e f f
K is shifted downwards
FIG. 3. Simulation results overlaid with experimental data. The simulated spectra relative to region I and region II was
obtained by calculating the dynamics spectra from the antidot region (A) and the continuous film region (B) as shown in
figure 1(b).
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FIG. 4. Amplitude of the demagnetising field as function of µ0H for different Hbias amplitudes. The demagnetising fields
where calculated by averaging over the holes set in the Mumax geometry. This field quantity measures the strength of the
poles around the edges of the holes. Note the break in the µ0H axis. The unsaturated region (. H
e f f
K ) is discarded as it
requires a different model of interpretation, hence the break in the field axis.
whereas at −He f fK the f minR is shifted upwards. To interpret this observation we consider the effect
of exchange bias in the local distribution of the poles around the holes defining the antidot geom-
etry. Our interpretation is that the demagnetising fields are influenced by the unidirectional field
acting on the magnetisation and leading to asymmetries in the ferromagnetic resonance spectra in
the positive and negative directions. By sampling in region B we obtained the spectra in which the
dominant resonance resembles mode II from the experimental data.
In figure 4, we show the variation of the magnitude of the demagnetising fields, Bdemag, calcu-
lated by averaging inside the holes, as function of the applied field. Each curve corresponds to
a sightly increased pinning (bias) field. For the case where the pinning field is zero, we obtain a
symmetric response. When the pinning field is non-zero, we note that at positive +µ0H the Bdemag
decreases as the amplitude of the pinning increases. However, for −µ0H the behaviour has reversed,
i.e. Bdemag increases as the pinning field increases. This asymmetry in the variation of Bdemag shows
the effect of the bias field on the antidot lattice. The strength of the fields in the holes is proportional
to the surface pole distribution. This indicates that the bias is affecting the ferromagnetic resonance
primarily through the pole distribution.
In summary, the asymmetric response measured with ferromagnetic resonance depends on the
distribution of surface magnetic poles created at the inner surfaces of the antidots. From the analysis
of the demagnetising field predicted to arise from the surface pole distribution, we have shown
that exchange bias can lead to large changes in the pole distribution through modifications of the
magnetic order near the antidots. Most importantly, we show that the asymmetry can be created
in antidots produced using a template method, which may allow a practical method for device
integration.
We note that the large linewidths do not allow resolution of the finer structure, but indicate
a strong dependence on the orientation of the applied field relative to both the exchange bias and
antidot lattice. Because the asymmetry is driven by the exchange bias, an estimate of the operating
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range in terms of temperature, would be given by the ordering temperature of the antiferromagnetic
material(below 500 K for NiO). In the low temperature regime, the exchange bias is enhanced so
one can expect an increase in the asymmetry. However, from the device perspective it may not be
realistic to consider temperatures below 280 K.
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